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PRELIMINARY AMENDMENT UNDER 37 CFR 1.115 



Assistant Commissioner for Patents 
BOXPCT 

Washington, D.C. 20231 
Dear Sir: 

Prior to calculation of the claims fees and prior to examination of the above-referenced 
U.S. Patent Application (filed herewith under 35 U.S.C. §371, based on PCT/GB/00/00566), 
please amend this application as follows. 
In the claims: 

Kindly DELETE claims 52 and 53 without prejudice. 
Kindly ADD new claim 54. 

Kindly AMEND claims 4, 5, 6, 8, 10, 13, 16, 18, 19, 20, 21, 22, 28, 30, 31, 33, 34, 35, 36, 37, 
42, 43, 46, 48, 50 and 51 as follows: 

4. (AMENDED) A sensor according to claim 2 in which the periodic variation in the or each 
region includes a section in which the phase of the periodic variation substantially reverses. 
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5. (AMENDED) A sensor according to claim 2 in which adjacent regions are spatially 
separated. 

6. (AMENDED) A sensor according to claim 2 in which the or each region gives rise to a 
corresponding pass band. 

8. (AMENDED) A sensor according to claim 1 in which the grating portion comprises two 
substantially superimposed fibre Bragg gratings. 

1 0. (AMENDED) A sensor according to claim 8 in which the fibre Bragg gratings are chirped fibre 
Bragg gratings. 

13. (AMENDED) A sensor according to claim 8 in which the fibre Bragg gratings are linear fibre 
Bragg gratings. 

16. (AMENDED) A sensor according to claim 1 in which the grating portion comprises one fibre 
Bragg grating having a plurality of regions within which the refractive index profile of the grating is 
substantially reduced or nulled. 

18. (AMENDED) A sensor according to claim 8 in which the or each fibre Bragg grating is 
fabricated using a two-beam interference holographic fabrication method. 

1 9. (AMENDED) A sensor according to claim 8 in which the or each fibre Bragg grating is 
fabricated using a phase-mask fabrication method. 

20. (AMENDED) A sensor according to claim 1 8 in which the or each region in the fibre 
Bragg grating is formed in a fibre Bragg grating fabricated using the two-beam interference 
holographic fabrication method by providing an amplitude mask generally in front of the fibre, 
generally in the beam paths, during fabrication. 

2 1 . (AMENDED) A sensor according to claim 1 9 in which the or each region in the fibre 
Bragg grating is formed in a fibre Bragg grating fabricated using one of the two-beam 
interference holographic fabrication method and the phase-mask fabrication method by 
subsequentiy further exposing regions of the grating. 
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22. (AMENDED) A sensor according to claim 1 in which the grating portion comprises a 
single grating structure fabricated using a phase-mask fabrication method. 

28. (AMENDED) A sensor according to claim 26 in which the or each phase reversal section 
gives rise to a corresponding pass band. 

30. (AMENDED) A sensor according to claim 25 in which the period of the periodic 
variation changes along substantially the full length of the grating portion. 

3 1 . (AMENDED) A sensor according to claim 25 in which the grating portion comprises two 
substantially overlapping chirped fibre Bragg gratings, the first chirped grating being spatially 
shifted relative to the second chirped grating by an integer plus a fraction of the period of the first 
grating. 

33 . (AMENDED) A sensor according to claim 3 1 in which the two chirped gratings have 
substantially the same rate of chirp and substantially the same spectral bandwidth, the first 
chirped grating having a different central wavelength to the second chirped grating. 

34. (AMENDED) A sensor according to claim 3 1 in which the first chirped grating has a 
different rate of chirp to the second chirped grating, and the two chirped gratings have 
substantially the same central wavelength and bandwidth. 

35. (AMENDED) A sensor according to any of claim 3 1 in which the fibre Bragg gratings are 
fabricated using a known two-beam interference holographic fabrication method. 

36. (AMENDED) A sensor according to claim 3 1 in which the fibre Bragg gratings may be 
fabricated using a known phase-mask fabrication method. 

37. (AMENDED) A sensor ac cording to claim 25 in which the grating portion comprises one 
chirped fibre Bragg grating having a plurality of sections in which the phase of the periodic 
variation substantially reverses. 
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42. (AMENDED) A sensor according to claim 39 in which the fibre is under a first strain 
during inscription of the first part. 

43. (AMENDED) A sensor according to claim 40 in which the fibre is under a first strain 
during inscription of the first part and is under a second strain during inscription of the second 
part, the first and second strains being different. 

46. (AMENDED) A sensor according to claim 25 in which the optical fibre is photosensitive 
enhanced optical fibre. 

48. (AMENDED) A sensor according to claim 46 in which the fibre is hydrogen loaded to 
increase the photosensitivity of the fibre. 

50. (AMENDED) A sensor according to claim 1 in which the grating portion comprises a 
surface-relief grating structure side-etched in an optical fibre. 

5 1 . (AMENDED) A sensor according to claim 25 in which the fibre grating sensor comprises 
a plurality of grating portions. 

--54. (NEW) A sensor according to claim 25 in which the grating portion comprises a surface- 
relief grating structure side-etched in an optical fibre. ~ 



REMARKS 

This preliminary amendment is presented prior to examination of the above-identified 
application filed pursuant to 35 USC §371 based on PCT/GBOO/00496. No new matter is 
believed added by these claim amendments which are presented purely for clarity purposes only; 
no limiting of the claimed subject matter is to be inferred fi:om the amendments. 
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Applicants have made a diligent effort to place the claims in condition for allowance. 
However, should there remain unresolved issues that require adverse action, it is respectfully 
requested that the Examiner telephone. Applicants' Attorney at (203) 972-0081 so that such 
issues may be resolved as expeditiously as possible. 

For these reasons, and in view of the above amendments, this application is now 
considered to be in condition for allowance and such action is earnestly solicited. 



Respectfully Submitted, 



August i'S'.2ooi /I r^M/l 

Date Kurt M. Maschoff f 

Reg. No. 38, 235 
Attorney for Applicants 
Buckley, Maschoff, Talwalkar & Allison LLC 
1 1 1 Elm Street 
New Canaan, CT 06840 
(203) 972-0081 /voice 
(203) 972-7627/fax 
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APPENDIX A— CLAIM AMENDMENTS 

1 . A fibre optic grating sensor comprising an optical fibre having a grating portion along 
which the refractive index of the fibre varies periodically, the periodic variation having an 
amplitude envelope which includes at least one region in which the amplitude of the envelope is 
substantially reduced, the said variation giving the grating portion a spectral profile within which 
there is at least one pass band, 

2. A sensor according to claim 1 in which the amplitude envelope includes a plurality of 
regions in which the amplitude of the envelope is substantially reduced. 

3 . A sensor according to claim 2 in which the amplitude envelope mcludes a plurality of 
regions in which the amplitude of the envelope is substantially nulled. 

4. (AMENDED) A sensor according to claim 2 [or 3] in which the periodic variation in the 
or each region includes a section in which the phase of the periodic variation substantially 
reverses. 

5. (AMENDED) A sensor according to [any of] claim[s] 2 [to 4] in which adjacent regions 
are spatially separated. 

6. (AMENDED) A sensor according to [any preceding] claim 2 in which the or each region 
gives rise to a corresponding pass band. 

7. A sensor according to claim 6 in which each region is an independently actuable sensor 
element operable to vary the wavelength of the corresponding pass band in response to a change 
in a parameter being measured. 

8. (AMENDED) A sensor according to [any preceding] claim i in which the grating portion 
comprises two substantially superimposed fibre Bragg gratings. 
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9. A sensor according to claim 8 in which the amplitudes of the refractive index profiles of the two 
gratings add together to form the amplitude envelope. 

1 0. (AMENDED) A sensor according to claim 8 [or 9] in which the fibre Bragg gratings are chirped 
fibre Bragg gratings. 

11. A sensor according to claim 1 0 in which the two chirped gratings have substantially the same 
rate of chirp and substantially the same spectral bandwidth, the first chirped grating having a different 
central wavelength to the second chirped grating. 

12. A sensor according to claim 1 0 in which the first chirped grating has a different rate of chirp to 
the second chirped grating, and the two chirped gratings have substantially the same central wavelength 
and bandwidth. 

13. (AMENDED) A sensor according to claim 8 [or 9] in which the fibre Bragg gratings are linear 
fibre Bragg gratings. 

14. A sensor according to claim 13 in which the two linear gratings have substantially the same 
spectral bandwidth. 

15. A sensor according to claim 14 in which the first linear grating has a different central wavelength 
to the second linear grating. 

16. (AMENDED) A sensor according to [any of] claim[s] 1 [to 7] in which the grating portion 
comprises one fibre Bragg grating having a plurality of regions within which the refractive index profile 
of the grating is substantially reduced or nulled. 

17. A sensor according to claim 1 6 in which the fibre Bragg grating is a linear grating or a chirped 
grating. 

18. (AMENDED) A sensor according to [any of] claim[s] 8 [to 1 7] in which the or each fibre Bragg 
grating is fabricated using a two-beam interference holographic fabrication method. 

19. (AMENDED) A sensor according to [any of] claim[s] 8 [to 17] in which the or each fibre 
Bragg grating is fabricated using a phase-mask fabrication method. 
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20. (AMENDED) A sensor according to claim 1 8 [when dependent on claim 1 6 or 1 7] in 
which the or each region in the fibre Bragg grating is formed in a fibre Bragg grating fabricated 
using the two-beam interference holographic fabrication method by providing an amplitude mask 
generally in front of the fibre, generally in the beam paths, during fabrication. 

2 1 . (AMENDED) A sensor according to claim 1 [8] 9 [or 1 9 when dependent on claim 1 6 or 
1 7] in which the or each region in the fibre Bragg grating is formed in a fibre Bragg grating 
fabricated using one of the two-beam interference holographic fabrication method [or]and the 
phase-mask fabrication method by subsequently further exposing regions of the grating. 

22. (AMENDED) A sensor according to [any of] claim[s] 1 [to 7] in which the grating 
portion comprises a single grating structure fabricated using a phase-mask fabrication method. 

23. A sensor according to claim 22 in which the desired grating structure is represented on a 
phase-mask and subsequently inscribed into the fibre through the phase-mask. 

24. A sensor according to claim 22 in which the grating structure is inscribed in the fibre 
through a phase-mask while the fibre undergoes oscillating motion along its longitudinal 
direction, relative to the phase-mask, to thereby control the refi-active index profile within the 
grating structure. 

25. A fibre optic grating sensor comprising an optical fibre having a grating portion along 
which the refi-active index of the fibre varies periodically, the periodic variation including at least 
one section in which the phase of the periodic variation substantially reverses, the said variation 
giving the grating portion a specti-al profile within which there is at least one pass band. 

26. A sensor according to claim 25 in which the grating portion includes a plurality of 
sections in which the phase of the periodic variation substantially reverses. 

27. A sensor according to claim 26 in which adjacent phase reversal sections are spatially 
separated. 
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28. (AMENDED) A sensor according to [any of] claim[s] 26[25 to 27] in which the or each 
phase reversal section gives rise to a corresponding pass band. 

29. A sensor according to claim 28 in which each section is an independently actuable sensor 
element operable to vary the wavelength of the corresponding pass band in response to a change 
in a parameter being measured. 

30. (AMENDED) A sensor according to [any of] claim[s] 25 [to 29] in which the period of 
the periodic variation changes along substantially the full length of the grating portion. 

3 1 . (AMENDED) A sensor according to [any of] claim[s] 25 [to 30] in which the grating 
portion comprises two substantially overlapping chirped fibre Bragg gratings, the first chirped 
grating being spatially shifted relative to the second chirped grating by an integer plus a fraction 
of the period of the first grating. 

32. A sensor according to claim 3 1 in which the first chirped grating is spatially shifted 
relative to the second chirped grating by an integer plus one half of the period of the first grating. 

33 . (AMENDED) A sensor according to claim 3 1 [or 32] in which the two chirped gratings 
have substantially the same rate of chirp and substantially the same spectral bandwidth, the first 
chirped grating having a different central wavelength to the second chirped grating. 

34. (AMENDED) A sensor according to claim 3 1 [or 32] in which the first chirped grating 
has a different rate of chirp to the second chirped grating, and the two chirped gratings have 
substantially the same central wavelength and bandwidth. 

35. (AMENDED) A sensor according to any of claim[s] 3 1 [to 34] in which the fibre Bragg 
gratings are fabricated using a known two-beam interference holographic fabrication method. 

36. (AMENDED) A sensor according to [any of] claim[s] 31 [to 34] in which the fibre Bragg 
gratings may be fabricated using a known phase-mask fabrication method. 
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37. (AMENDED) A sensor ac cording to [any of] claim[s] 25 [to 30] in which the grating 
portion comprises one chirped fibre Bragg grating having a plurality of sections in which the 
phase of the periodic variation substantially reverses. 

38. A sensor according to claim 37 in which the single chirped fibre Bragg grating is 
fabricated using a known phase-mask fabrication technique. 

39. A sensor according to claim 38 in which a first part of the chirped grating having a first 
spectral bandwidth is represented on a phase-mask and subsequently inscribed into the fibre. 

40. A sensor according to claim 39 in which a second part of the chirped grating having a 
second spectral bandwidth is inscribed into the fibre substantially spatially and spectrally 
adjacent the first part, the first and second parts together forming the chirped grating. 

41. A sensor according to claim 40 in which the chirped grating comprises a plurality of such 
parts arranged substantially spatially and spectrally sequentially adjacent one another. 

42. (AMENDED) A sensor according to [any of] claim[s] 39 [to 41] in which the fibre is 
under a first strain during inscription of the first part. 

43. (AMENDED) A sensor according to claim [42]40 in which the fibre is under a first strain 
during inscription of the first part and is under a second strain during [subscriptionl inscription of 
the second part, the first and second strains being different. 

44. A sensor according to claim 37 in which the chirped grating is fabricated using a single 
phase-mask, the desired structure of the chirped grating being represented on the phase-mask and 
subsequently inscribed into the fibre through the phase-mask. 

45. A sensor according to claim 37 in which the chirped grating is fabricated using a known 
continuous writing technique. 
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46. (AMENDED) A sensor according to [any preceding] claim 25 in which the optical fibre 
is photosensitive enhanced optical fibre. 

47. A sensor according to claim 46 in which the photosensitive enhanced optical fibre is 
germania doped optical fibre, or boron-germania co-doped optical fibre. 

48. (AMENDED) A sensor according to claim 46 [or 47] in which the fibre is hydrogen 
loaded to increase the photosensitivity of the fibre. 

49. A sensor according to claim 48 in which the hydrogen loaded fibre is annealed following 
fabrication of the grating structure to substantially remove any residual hydrogen from the fibre. 

50. (AMENDED) A sensor according to [any of] claim[s] 1 [to 7 and 25 to 30] in which the 
grating portion comprises a surface-relief grating structure side-etched in an optical fibre. 

5 1 . (AMENDED) A sensor according to [any preceding] claim 25 in which the fibre grating 
sensor comprises a plurality of grating portions. 

-54. (NEW) A sensor according to claun 25 in which the grating portion comprises a surface- 
relief grating structure side-etched in an optical fibre. ~ 
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Kbre Qptic Grating Sensor 

This invention relates to a fibre optic grating sensor, particularly but not 
exclusively a fibre optic grating strain or temperature sensor. 

It is known tbat fibre Bragg gratings may be used as a tool for measuring, 
for example, temperature and strain. The grating is fonned in the fibre to 
reflect light at a wavelength which is determined by the physical characteristics 
of the grating. A change in the temperature and/or strain applied to a fibre 
Bragg grating changes the period of the grating and hence the wavelength of the 
light reflected by the grating. Arrays of fibre Bragg gratings, in which the 
gratings are spatially separated along a length of fibre and the spectral profiles 
of the gratings are separated in wavelength, have been used to measure strain 
and temperature gradients by Illuminating the array with broadband light and 
measuring the wavelength of the reflected light A measurement of the 
wavelength shift (if any) provided by each grating provides information about 
the strain or temperature at that grating. Using a grating array to make a quasi- 
distributed strain or temperature measurement along a short length (about 5 cm 
or less) requires the fabrication of grating arrays comprising gratings of very 
short spatial length (generally less than 4iimi3. For short length arrays, the 
spatial separation between adjacent gratings often becomes comparable to the 
spatial length of the gratings. In order to increase the number of gratings 
within Che array the length of the gratings must be decreased, which rapidly 
increases the spectral bandwidth of the grating and hence reduces the spectral 
resolution of the sensor. 

It is an object of the present invention to provide an improved fibre optic 
grating sensor. 

According to one aspect of the present invention there is provided a 
fibre optic grating sensor comprising an optical fibre having a grating 
portion along which the refractive index of the fibre varies periodically 
and at least substantially continuously to form an at least 
substantially continuous trating structure, the periodic variation having an 
amphtude envelope which includes at least one region in which the 
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amplitude of the envelope is substantially reduced, the said variation giving the 
grating portion a spectral profile within which there Is at least one pass band. 

Preferably, the amplitude envelope includes at least one region in which 
the amphtude of the envelope is substantially nulled. The amplitude envelope 
preferably includes a plurality of regions m which the amplitude of the 
envelope is substantially nulled. Each null region desirably gives rise to a 
corresponding pass band. 

Preferably, the periodic variation in the or each region includes a section 
in which the phase of the periodic variation substantially reverses, the or each 
reduction in the amplitude of the refractive index envelope and the or each 
corresponding phase reversal acting to give rise to a corresponding pass band 
within the spectral profile of the grating portion. 

Adjacent null regions and hence adjacent sensor elements, are desirably 
spatially separated. Preferably each sensor element is independently actuable 
and hence the wavelengths of the corresponding pass bands are independently 
variable. 



The grating portion preferably comprises two substantially 
superimposed fibre Bragg gratings. The amplitudes of the refractive index 
profiles of the two gratings preferably add together to form the amphtude 
envelope and the or each phase change. 

The fibre Bragg gratings are preferably chirped fibre Bragg gratings. 
Desirably, the two chirped gratings have substantially the same rate of chirp 
and substantially the same spectral bandwidth, the first chirped grating having 
a different central wavelength to the second chirped grating. Alternatively, the 
first chirped grating has a different rate of chirp to the second chirped grating, 
and the two chirped gratmgs have substantially the same central wavelength 
and bandwidth. 
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Alternatively, the fibre Bragg gratings may be linear fibre Bragg gratings. 
The two linear gratings preferably have substantially the same spectral 
bandwidth. Desirably the first linear grating has a different central wavelength 
to the second linear grating. 

The grating portion may alternatively comprise one fibre Bragg grating 
having a plurahty of regions within which the refractive index profile of the 
grating is substantially reduced or nulled. 

The fibre Bragg gratings are preferably fabricated using a known two- 
beam interference holographic fabrication method. Alternatively, the fibre 
Bragg gratings may be fabricated using a known phase-mask fabrication 
method. 

The null regions in the single fibre Bragg grating are desirably formed in 
a fibre Bragg grating fabricated using the two-beam interference holographic 
fabrication method by providing an amplitude mask generally in front of the 
fibre, generally in the beam paths, during fabrication. Alternatively, the null 
regions in the single fibre Bragg grating may be formed in a fibre Bragg grating 
fabricated using the two-beam interference holographic fabrication method or 
the phase-mask fabrication method by subsequently further exposing regions 
of the grating. The single fibre Bragg grating may be a linear grating or a 
chirped grating. 

The grating portion may further alternatively comprise a single grating 
structure fabricated using the phase-mask fabrication method. The desired 
grating structure is preferably represented on a phase-mask and subsequently 
inscribed into the fibre through the phase-mask. Alternatively, the grating 
structnre may be inscribed in the fibre through a phase-mask, the fibre 
undergoing oscillating motion, along its longitudinal direction, relative to the 
phase-mask to thereby control the refractive index profile within the grating 
structure. The phase-mask may alternatively or additionally undergo 
oscillating motion relative to the fibre. 
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According to a further aspect of the present inventioii there is provided a 
fibre optic grating sensor comprising an optical fibre having a grating portion 
along wHch the refractive index of the fibre varies periodically and at least 
substantially continuously to form an at least substantially continuous trating 
structure, the periodic variation including at least one section in which the 
phase of the periodic variation substantially reverses, the said variation giving 
the grating portion a spectral profile within which there is at least one pass 

band. 

The grating portion preferably includes a plurahty of sections in which 
the phase of the periodic variation substantially reverses. The or each phase 
reversal section desirably gives rise to a corresponding pass band. Adjacent 
phase reversal sections, and hence adjacent sensors, are desirably spatially 
separated. Preferably eacb sensor is independently actuable and bence the 
wavelengths of the corresponding pass bands are independently variable. 

Prefea-ably, the period of the periodic variation changes along at least part 
of the grating portion, and most preferably changes along substantially the full 
length of the grating portion. 

The grating portion preferably comprises two substantially overlapping 
chirped fibre Bragg gratings, the first chirped grating being spatially shifted 
relative to the second chirped grating by an integer plus a fraction of the period 
of the first grating, The first chirped grating is preferably spatially shifted 
relative to the second chirped grating by an integer plus one balf of the period 
of the first grating. 

Desirably, the two chirped gratings have substantially the same rate of 
chirp and substantially the same spectral bandwidth, the first chirped grating 
having a different central wavelength to the second chirped grating. 
Alternatively, the first chirped grating has a different rate of chirp to the second 
chirped grating, and the two chirped gratings have substantially the same 
central wavelength and bandwidth. 



wo 00/49378 



PCT/GBOO/00566 



5 

The fibre Bragg gratings are preferably fabricated using a known two 
beam interference holographic fabrication method. Alternatively, the fibre 
Bragg gratings may be fabricated using a known phase-mask fabrication 
method. 

Alternatively, the grating portion may comprise one chirped fibre Bragg 
grating having a plurality of sections in which the phase of the periodic 
varia tion substantially reverses. 

The single chirped fibre Bragg grating is preferably fabricated using a 
known phase-mask fabrication technique. Preferably, a first part of the chirped 
grating having a first spectral bandwidth is represented on a phase-mask and 
subsequently inscribed into the fibre. A second part of the chirped grating 
having a second spectral bandwidth is preferably inscribed into the fibre 
substantially spatially and spectrally adjacent the first part, the first and 
second parts together forming the chirped grating. Preferably, the chirped 
grating comprises a plurality of such parts arranged substantially spatially and 
spectrally sequentially adjacent one another. 

Preferably, the fibre is imder a first strain during inscription of the first 
part. The fibre is preferably under a second strain during subscription of the 
second part, the first and second strains being different. 

The chirped grating may alternatively be fabricated using a single phase- 
mask, the desired structure of the chirped grating being represented on the 
phase-mask and subsequently inscribed into the fibre through the phase-mask. 

The chirped grating may further alternatively be fabricated using a 
known continuous writing technique. 

The optical fibre is preferably photosensitive enhanced optical fibre. The 
photosensitive enhanced optical fibre may be germania doped optical fibre, or 
boron-germania co-doped optical fibre. The germania doped fibre may be 
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hydrogen loaded to further increase the photosensitivity of the fibre. The 
boron-germania co-doped fibre may be hydrogen loaded to further increase the 
photosensitivity of the fibre. The photosensitive enhanced optical fibre may 
alternatively be hydrogen loaded standard optical fibre. The hydrogen loaded 
fibre may be annealed following fabrication of the grating structure to 
substantially remove any residual hydrogen from the fibre. 

The grating structure may further alternatively comprise a side-etched 
surface-rehef grating structure, preferably fabricated in standard optical fibre. 

The fibre grating sensor may comprise a plurahty of grating portions. 

A specific embodiment of the invention will now be described by way of 
example only, with reference to the accompanying drawings, in which: 

Figure 1(a) is a diagrammatic representation of a fibre optic grating 
sensor according to the present invention, comprising a Moire grating; 

Figure 1(b) is a diagrammatic representation of the theoretical refractive 
index profile of the Moire grating of figure 1(a); 

Figure 1(c) is a diagrammatic representation of the theoretical spectral 
profile of the Moire grating of figures 1 (a) and (b); 

Figure 2 shows the optical spectrum of a 10-pass band Moire grating 
constructed according to the invention; 

Figure 3 shows linear-strain-gradient measurements taken using the 
grating of figure 2; and 

Figure 4 shows exponential-temperature-gradient measurements taken 
using an 8-pass band Moire grating constructed accordmg to the invention. 

Referring to the drawings, there is provided a fibre optic grating sensor 
10 comprismg an optical fibre 12 in which a grating portion 14 is provided, the 
refractive mdex 16 of the fibre 12 varying periodicaUy along the grating portion 
14. The periodic variation of the refractive index 16 has an amplitude envelope 
which mcludes, in this example, two regions 24 in which the amphtude of the 
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envelope is substantially reduced, and in this example is substantially nulled. 
The null regions 24 give the grating portion a spectral profile 20 within which 
there are, in this example, two pass bands 18. 

While it is preferred that the amplitude envelope includes regions 24 in 
which the amphtude of the envelope is substantially nulled, it is sufficient that 
the amphtude of the envelope is merely significantly reduced. That is to say, 
the amplitude of the envelope must be sufficiently reduced to give rise to 
identifiable, and measurable, pass bands 18 within the spectral profile 20 of the 
grating portion 14, The pass bands 18 are required to be identifiable one from 
the other, and from any hght present at other wavelengths. 

In this example, the grating portion is a Moire grating formed by the 
notional or actual superimposition of two Bragg gratings. Each Bragg grating is 
"chirped". That is, the period of the grating changes along its length, either in 
Unear fashion, or in a more complex manner. The wavelength reflected by a 
chirped-period, or "chirped" grating will vary along the length of the gratuag. 
The variation will be linear in the case of linear chirp, and more complex in 
other cases. By contrast, a linear grating reflects substantially the same 
wavelength along the length of the grating. A chirped grating has a broader 
spectral bandwidth than a linear grating of the same length. 

The Moire grating 14 is fabricated using a known two-beam interference 
holographic fibre grating fabrication method. Two chirped-period fibre Bragg 
gratings are inscribed in the same section of fibre 12 by two sequential 
inscribing operations. The two chirped gratings are of substantially the same 
physical length and have substantially the same spectral bandwidth. However, 
the central wavelength of the first chirped grathnig is slightly shifted in 
wavelength relative to the central wavelength of the second chu-ped grating. 
The amphtudes of the refractive index profiles of the two superimposed 
chirped gratuags add together to produce the refractive index profile 16 of the 
Motre grating 14 and thereby form the amphtude envelope of the refractive 
iadex profile 16 along the fibre. 
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Figure 1 illustrates how the refractive index profile 16 of a chirped Moire 
grating 14 gives rise to pass bands 18 within the bandwidth of the spectral 
profile 20 of the Moire grating 14, and to sensors 22 within the core of the 
optical fibre 12. In the regions within the amphtude envelope where nulls 24 
occur, the grating strength is nulled. Where the grating strength is nulled no 
light is reflected by that region of the grating 14, and hence pass bands 18 are 
created. 

The regions within the fibre core where the nulls 24 in the amplitude 
envelope, and in the grating strength, occur may act as sensors 22. The length 
of a sensor 22 is the length within the fibre core in which the grating strength is 
substantially reduced or nulled. The spectral profiles of the sensors 22 are 
therefore the spectral profiles of the pass bands 18. The spectral bandwidth of 
the pass bands 18 is determined by the strength and chirp-rate of the Bragg 
gratings which form the Moire grating 14. 

The exact position of each sensor 22 can he calculated from the spectral 
profile 20 of the Moire grating 14, knowing the exact length of the Moire grating 
14 and the manner in which the grating is chirped. The approximate length of 
each sensor 22 can be calculated using the full width half maximum spectral 
bandwidth of the pass bands 18. 

Each sensor 22 occurs at a respective position in wavelength space and is 
independently actuable. Consequently each pass band 18 is independently 
variable in wavelength, within the bandwidth of the spectral profile 20 of the 
Moire grating 14, in accordance with the value of the parameter being measured 
at the site of the corresponding sensor 22. 

Figure 2 shows the spectral profile 30 of a chirped Moire grating which 
comprises 10 pass bands 32. The Moire grating was fabricated using the two- 
beam interference holographic method. A frequency doubled Argon Ion laser of 
wavelength 244nm was used and the Moire grating was fabricated in hydrogen 
loaded germania doped optical fibre, such as that manufactured by Spectran. A 
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first chirped fibre Bragg grating was fabricated having approximately 70% 
reflectivity, then a second chirped fibre Bragg grating of slightly different 
central wavelength was inscribed in the same piece of fibre. The wavelength 
shift between the two chirped gratings is 2nm. The magnitude of the 
wavelength shift determines the number of pass bands 32 in the Moire 
grating. 

The length of the Moire grating of Figure 2 is approximately 6mm. The 
total spectral bandwidth is 12.6nm. The average bandwidth of the pass bands 
32 is 0.39nm and the finesse is approximately 2.5. The approximate sensor 
length is Jess than 200^lm. 

Figure 3 shows strain measurement results taken using the 10 peak 
Moire grating of figure 2. The measurements show how the strain varies along 
the length of the Moire grating. The Moire grating was bonded into grooves on 
a piece of spring steel (not shown). The steel was bent using a 4-point bending 
rig in order to effect a hnear strain gradient along the Moire grating. Figure 3 
shows the strain measurements taken using the Moire grating with the steel 
plate bent by three different amounts, to produce three different strain 
gradients. 

The wavelengths of the pass bands 32 were measured in transmission 
using a tuneable laser and optical spectrum analyser, giving a measurement 
resolution of O.Olnm. The Hght from the tuneable laser was launched into a 
fibre grating sensor 10 comprismg the 10 pass band Moire grating and light 
transmitted by the Moire grating was detected and measured using the optical 
spectrum analyser. The wavelength of the tuneable laser was tuned across the 
spectral bandwidth of the Moire grating in order to interrogate in turn the 
sensor corresponding to each pass band 32. 

The change in the central or peak wavelengths of the pass bands 32, 
bet^veen the rmstrained starting state and the strained states, is calculated. The 
equivalent axial strain on each sensor is then calculated from the fractional 
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change in the central wavelength (Xb) of the corresponding pass band 32 of each 
sensor, using: 

a:>.b/>^b = (i-p^) E 

where is the effective photosilicate constant, which is 0.22 for 

germanosilicate fibre, and s is the apphed axial strain. 

The measurements 34 recorded for the steel plate bent by a first amount 
indicated that a linear strain gradient of 12.1^E/mm was present across the 
Moire grating. The measurements 36 recorded for the steel plate bent by a 
second amount indicated that a linear strain gradient of 23.4fie/mm was 
present across the Moire grating. The measurements 38 recorded for the steel 
plate bent by a third amount indicated that a linear strain gradient of 
38.2iis/mm was present across the Moire grating. 

The measurements recorded using this 10 pass band Moire grating have 
a strain resolution of 8{as and a spatial resolution of approximately 450}am. 

Figure 4 shows exponential temperature gradient measurements taken 
^ using a 8 pass band Moire grating. The grating was fabricated using the two- 
beam interference holographic method, as described above. The spectral 
bandwidth of the Moire grating is 12.8nm and the wavelength shift between the 
two chirped gratings is 2.5nm. The measurements show how the temperature 
varies along the length of the Moire grating. One end of the Moire grating was 
bonded horizontally to a hot plate, to provide an exponentially decaying 
temperature gradient with distance away from the hot plate, and along the 
Moire grating. 

The Moire grating was interrogated generally as described above, using 
broadband Erbium fluorescence source and an optical spectrum analyser, giving 
a measurement resolution of O.OSnm which corresponds to a temperature 
resolution of approximately 6°C. The change in the central wavelength (Xb) is 



wo 00/49378 



PCT/GBOO/00566 



11 

calculated for each pass band. The equivalent axial temperature is then 
calculated using: 

A^b/>-b = (a + ^)AT 

where a is the thermal expansion co-efficient of the optical fibre (0.55x10"^ for 
fused sihca), E, is the thermo-optic coefficient (approximately 8.3x10"^ for 
germania-doped silica) and AT is the applied temperature change. 

By way of comparison, a linear fibre Bragg grating of the same length 
(200 p.m), with a maximum transmission loss of 7dB, would have a full width 
half maximum spectral bandwidth of more than 5nm. Hence an array of ten 
such linear gratings would have a spectral bandwidth of more than 50nm. Use 
of, for example, the 10 pass band Moire grating therefore reduces the required 
operating spectral bandwidth by more than 40nm. 

The sensor length can be considered to be very short. Because the nulls 
in the refractive index profile define the pass band, this allows quasi-point 
measurements to be made and thus provides for high spatial resolution 
measurements. This short sensor length also enables a large number of 
measurements, of for example strain or temperature, to be taken over a small 
distance, such as 5-2 0mm, and within a single grating structure. Thus a greater 
spatial and spectral resolution is provided than for an equivalent number of 
discrete linear fibre Bragg gratings. Both linear and non-hnear gradients of a 
chosen measurand can be measured. 

Various modifications can be made without departing from the scope of 
the invention. For example, the grating portion may be a different Type of 
grating to that described, and may be fabricated in a single step, for instance by 
using a known phase-mask fabrication method or a known side-etched surface- 
rehef grating fabrication method. Using the phase-mask fabrication method, 
the grating portion structure may be represented on a phase-mask and directly 
inscribed in the fibre through the phase-mask. Alternatively, the grating 
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portion may be inscribed m the fibre through a phase-mask, the phase-mask 
and/or the fibre being oscillated along their longitudinal direction during 
fabrication to thereby control the refractive index profile within the grating 
portion. 

The Moire gratings can be formed as two superimposed Bragg gratings of 
different central wavelength or chirp. Two gratings which vary slightly In 
bandwidth and/or central wavelength and/or chirp rate and/or the amount of 
physical overlap between the gratings will give rise to periodic nuUs when 
supeiimposed. and are thus likely to be of use in sensing applications. 
Altemativeay, the profUe of the Moire grating could be devised to provide a 
plurality of nuDs, without necessarily being i-eproducable by superimposing two 
gratings. Thus, the invention extends beyond the use of Moire gratings, which 
would conventionally be considered to be the result of the superlmpositlon of 
two grating stmccures. The grating structure may also be a single linear or 
chirped fibre Bragg grating in which parts of the grating are amplitude masked 
out during fabrication or are erased by furtlier exposing sections of the grating 
following fabrication. 

It will be appreciated that the grattog structure may be fabricated m 
many different types of photosensitive enhanced optical fibre, other than that 
described, including BoTon-germama co-doped fibre, and hydrogen loaded 
standard fibre. It will also be appreciated that the grating structures can be 
fabricated at a wide range of different central wavelengths, to suit a particular 
optical source and optical detector. This will to some extent affect which type 
of fibre the grating structure is fabricated in. 

Grating portions of different length, banduldth and number of pass 
bands may be used. More than one grating portion may be provided within a 
fibre grating sensor. 
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CLAIMS 

1. A fibre optic grating sensor comprising an optical fibre having a grating 
portion along which the refractive index of the fibre varies periodically and at 
least substantially continuously to form an at least substantially continuous 
grating structure, the periodic variation having an amplitude envelope which 
includes at least one region in which the amphtude of the envelope is 
substantially reduced, the said variation giving the grating portion a spectral 
profile within which there is at least one pass "band. 

2. A sensor according to claim 1 in which the amplitude envelope includes a 
plurality of regions in which the amplitude of the envelope is substantially 
reduced. 

3. A sensor according to claim 2 in which the ampUtude envelope includes a 
plurality of regions in which the amplitude of the envelope is substantially 
nulled. 

4. A sensor according to claim 2 or 3 in which the periodic variation in the 
or each region includes a section in which the phase of the periodic variation 
substantially reverses. 

5. A sensor according to any of claims 2 to 4 in which adjacent regions are 
spatially separated. 

6. A sensor according to any preceding claim in which the or each region 
gives rise to a corresponding pass band 

7. A sensor according to claim 6 in which each region is an independently 
actuable sensor element operable^ to vary the wa\'elength of the corresponding 
pass band m response to a change in a parameter being measured. 

8. A sensor according to any preceding claim in which the grating portion 
comprises two substantially superimposed fibre Bragg gratmgs. 
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9. A sensor according to claim 8 in which the amplitudes of the refractive 
index profiles of the two gratings add together to form the amplitude envelope. 

10. A sensor according to dalm 8 or 9 in whidi the fibre Bragg gratings are 
chirped fibre Bragg gratings. 

11. A sensor according to claim 10 in which the two chirped gratings have 
substantially the same rate of chirp and substantially the same spectral 
bandwidth, the first chirped grating having a different central wavelength to the 
second chirped grating. 

12. A sensor according to claim 10 in which the first chirped grating has a 
different rate of chirp to the second chiiped grating, and the two chirped 
gratings have substantially the same central wavelength and bandwidth. 

13. A sensor according to claim 8 or 9 in which the fibre Bragg gratings are 
linear fibre Bragg gratings. 

14. A sensor according to claim 13 in which the two linear gratings have 
substantially the same spectral bandwidth. 

15. A sensor according to daUn 14 in which the first linear grating has a 
different central wavelength to the second hnear grating. 

18. A sensor according to any of claims 1 to 7 in which the grating portion 
comprises one fibre Bragg grating having a pilurality of regions within which the 
refractive index profile of the grating is substantiaDy reduced or nulled. 

17. A sensor according to claim 16 in which the fibre Bragg grating is a linear 
grating or a chirped grating. 

18. A sensor according to any of claims 8 to 17 m which the or each fibre 
Bragg grating is fabricated using a two-beam interference holographic 
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fabrication method. 

19. A sensor according to any of claims 8 to 17 in which the or each fibre 
Bragg grating is fabricated using a phase-mask fabrication method, 

20. A sensor according to daim 18 when dependent on claim 16 or 17 in 
which the or each region in the fibre Bragg grating is formed in a fibre Bragg 
grating fabricated using the two-beam interference holographic fabrication 
method by providing an ampJitude mask generally in front of the fibre, 
generally in the beam paths, dnring fabrication. 

21. A sensor according to dlaim 18 or 19 when dependent on claim 16 or 17 
in which the or each region, in the fibre Bragg grating is formed in a fibre Bragg 
grating fabricated using the two-beam interference holographic fabrication 
method or the phase-mask fabrication method by subsequendy further 
exposing regions of the grating. 

22. A sensor according to any of daims 1 to 7 in which the grating portion 
comprises a single grating structure fabricated -using a phase-mask fabrication 
method. 

23. A sensor according to daim 22 in which the desired grating stmcmre is 
represented on a phase-mask and subsequently inscribed into the fibre through 
the phase-mask- 

24. A sensor according to daim 22 in which the grating structure is inscribed 
in the fibre through a phase-mask while the fibre undergoes oscillating motion 
along its longitudinal direction, rdative to the phase-mask, to thereby control 
the refi-active index profile within the grating structure. 

25. A fibre optic grating sensor comprising an optical fibre having a grating 
portion along which the refractive index of the fibre varies periodically and at 
least substantially continuously to form an at least substantially continuous 
grating structure, the periodic variatian including at least one section in which 



KCV . VON : FP A - Ml )ENCHEN 04 



-.23- 2- 1 : 16:27 



CC ITT ECM- 



+49 89 23994465: #16 



16 

the pliase of the periodic variation substantially reverses, the said variation 
giving the grating portion a spectral profile within which there is at least one 
pass band. 

26. A sensor according to claim 25 in which the grating portion includes a 
plurality of sections in which the phase of the periodic variation substantially 
reverses. 

27. A sensor according to claim 26 in which adjacent phase reversal sections 
are spatially separated. 

28. A sensor according to any of claims 25 to 27 in which the or each phase 
reversal section gives rise to a corresponding pass band. 

29. A sensor according to daim 28 in which each section is an independently 
actuable senior element operable to vary the wavelength of the corresponding 
pass band in response to a change in a parameter being measured. 

30. A sensor according to any of claims 25 to 29 in which the period of the 
periodic variation changes along substantially the full length of the grating 
portion. 

31. A sensor according to any of claims 25 to 30 in which the grating portion 
comprises two substamtially overlapping chirped fibre Bragg gratings, the first 
Chirped grating being spatially shifted relative to the second chirped grating by 
an integer plus a fraction of the period of the first grating. 

32. A sensor according to claim 31 in which the first chirped grating is 
spatially shifted relative to the second chirped grating by an integer plus one 
half of the period of the first grating. 

33. A sensor according to daim 31 or 32 in which the two chirped gratings 
have substantially the same rate of chirp and substantially the same spectral 
bandwidth, the first chirped grating having a different central wavelength to the 
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second chirped grating. 

34. A seasor according to claim 31 or 32 in which the first chirped grating 
has a different rate of chirp to the second chirped grating, and the two chirped 
gratings have substantially the same central wavelength and bandwidth. 

35. A sensor according to any of claims 31 to 34 in which the fibre Bragg 
gratings are fabricated using a known two-beam interference holographic 
fabrication method. 

36. A sensor according to any of claims 31 to 34 in which the fibre Bragg 
gratings may be fabricated using a known phase-mask fabrication method. 

37. A sensor according to any of claims 25 to 30 in which the grating portion 
comprises one chirped fibre Bragg grating liaving a plm-ality of sections in 
which Che phase of the periodic variation substantially reverses. 

38. A sensor according to claim 37 in which the single chirped fibre Bragg 
grating is fabricated using a known phase-mask fabrication technique. 

39. A sensor according to claim 38 in which a first part of the chirped 
grating having a first spectral bandwidth is represented on a phase-mask and 
subsequently inscribed into the fibre. 

40. A sensor according to claim 39 in which a second part of the chirped 
grating having a second spectral bandwidth is inscribed mto the fibre 
substantially spatially and spectrally adjacent the first pan, the first and second 
parts together forming the chirped grating. 

41. A sensor according to claim 40 in which the chirped grating comprises a 
plurality of such parts airanged substantially spatially and spectrally 
sequentially adjacent one another. 



KCV. VOi\J:EPA-MlJbNCHEN 04 



:23- 2- 1 : 16:2a 



CCITT ECM-. 



+49 89 239944G5:#18 



18 

42. A sensor according to any of claims 39 to 41 in which the fibre is under a 
first strain during inscription of tiie first part. 

43. A sensor according to claim 42 in which the fibre is under a second 
strain during subscription of the second part, the first and second strains being 
different. 

44. A sensor according to claim 3 7 in which the chirped grating Is fabricated 
using a single phase-masK, the desired structure of the chirped grating being 
represented on the phase-masic and subsequently inscribed into the fibre 
through the phase-mask. 

45. A sensor according to claim 3 7 in which the chirped grating is fabricated 
using a known continuous writing technique. 

46. A sensor according to any preceding claim In which the optical fibre is 
photosensitive enhanced optical fibre. 

47. A sensor according to claim 46 in which the photosensitive enhanced 
optical fibre is gennania doped optical fibre, or boron-germania co-doped 
optical fibre. 

48. A sensor according to daim 46 or 47 in which the fibre is hydrogen 
loaded to increase the photosensitivity of the fibre. 

49. A sensor according to daim 48 in which the hydrogen loaded fibre is 
annealed following fabrication of the grating structure to substantially remove 
any residual hydrogen from the fibre. 

50. A sensor according to any of daims 1 to 7 and 25 to 30 in which the 
grating portion comprises a surface-relief grating structure side-etched in an 
optical fibre. 
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51. A sensor according to any preceding claim in which the fibre grating 
sensor comprises a plurality of grating portions. 

52. A fibre optic grating sensor substantially as described above with 
reference to the accompanying drawings. 
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all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 

POWER OF ATTORNEY: As a named inventor, I hereby appoint the following 
attomey(s) and/or agent(s) to prosecute this application and transact all business in the Patent and 
Trademark Office connected therewith: 
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PTO Customer Number 28062 

Patrick J. Buckley (Reg. No. 40,928); 
Kurt M. Maschoff (Reg. No. 38,235); 
Nandu A. Talwalkar (Reg. No. 41,339); and 
Scott B. Allison (Reg. No. 38,370). 
Charlie A. Rattner (Reg. No. 40,136) 
Joseph P. Kincart (Reg. No. 43,716) 



Send correspondence to: / | 

PTO Customer Number 28062 J 

Kurt M. Maschoff ^^--^ 

BUCKLEY, MASCHOFF, TALWALKAR & ALLISON LLC 
5 Elm Street 
New Canaan, CT 06840 
Direct telephone calls to: Kurt M. Maschoff at (203) 972-0081. 



= Full name of First Inventor 






Cath.euii£.A. Su&den 






First Inventor's Signature f . /y\ ri . 




Residence 






Faraday Wharf, Holt Street, Birmingham, B7 4BB UK 




• Citizenship 






Brirish 






= Post Office Address 






= SAME AS RESIDENCE 







? Full name of Second Inventor 
Ka_rgn E. Chisholm _ 
Second Inventor's Signature 



V Date: 

r- ...^L^ — 1 — 

Aston University, Aston Triangle, Birmingham, B4 7 ET UK & 



Citizenship 
British 



Post Office Address 
SAME AS RESIDENCE 



Full name of Third Inventor 






Zhang 






Third Inventor's Signature 


^ 




Residence 






Aston University, Aston Triangle, Einoin^ 


-ham. B4 7ET UK 


Citizenship 
Chinese 


Post Office Address 






SAME AS RESIDENCE 
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